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Abstract

The unique sol±gel transition property of E99P69E99 (with E and P being poly(ethylene oxide) and poly(propylene

oxide), respectively), a Pluronic polyol F127, could become a useful separation medium in the miniaturization and

automation of capillary electrophoresis (CE). Static light scattering (SLS), dynamic light scattering (DLS), and

small-angle X-ray scattering were used to study the solution property and the gel-like structures of F127 in a

CE bu�er (1X TBE) for DNA separation. F127 in the CE forms core-shell micelles with a closed-association pro-

cess. The critical micelle concentration (cmc) decreases and the micellar association number increases with increas-

ing temperature. At larger solution concentrations, small-angle X-ray scattering results showed that the gel-like

structure formed by close packing of the micelles had a face centered cubic (fcc) lattice. In the gel-like region

the association number and also the micellar size were not a�ected by concentration changes. With F127 solution

as a separation medium, CE could be performed successfully with a detection length of only 4 cm for separation of

double-stranded DNA (dsDNA) and single-stranded DNA (ssDNA) fragments. Ó 1998 Published by Elsevier

Science B.V. All rights reserved.

1. Introduction

Capillary electrophoresis (CE) with replaceable
polymer solution as a sieving medium is an analy-
sis technique for the applications of DNA separa-
tion and sequencing [1]. Viscous polymer solutions
are usually used to achieve better separation reso-
lution [2]. However, for larger viscosities the solu-
tion properties make injection and replenishing of
such a separation medium more di�cult. Besides,
to suppress electroosmotic ¯ow (EOF) and to pre-
vent analyte adsorption, inner wall coatings with

compatible polymers are usually necessary. Unfor-
tunately, the stability and the reproducibility of
the coatings that usually involve multistep reac-
tions are di�cult to control. Therefore, a better
separation medium which can provide the better
separation resolution but is also easy to handle,
can be very useful.

In this paper, we present some studies on the
self-assembly behavior of F127 in a DNA bu�er,
its gel-like structure at some polymer concentra-
tions, and the performance as a separation medi-
um in CE for DNA separation. B.C. wishes to
dedicate this work in honor of Professor E.W. Fi-
scher, whose pioneering and de®nitive studies on
polymers using laser light scattering (LLS) and
small-angle X-ray scattering give inspiration to
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the present investigation, aiming to expand the
applications of polymer physics to a bioanalytical
tool: capillary electrophoresis.

2. Experimental procedures

2.1. Materials

F127 solutions: F127 (E99P69E99) solutions were
prepared by mixing polymers (a gift from the
BASF Corporation, Parsippany, NJ) with 1X
TBE bu�er (89 mM tris(hydroxymethyl)amino-
methane, 89 mM boric acid, and 2 mM EDTA
in deionized water), to desired concentrations.
The mixture was stirred in an ice bath for at least
1 h and then stored in a refrigerator at 4°C for a
few days before use. The F127 solutions for LLS
experiments were prepared by diluting a stock so-
lution of 100 mg/mL. Dust-free solutions were ob-
tained by ®ltering the diluted solutions through
Millipore sterile membrane ®lters (0.1 lm pore
size) into 17-mm-o.d. cylindrical light-scattering
cells, which had been rinsed with distilled acetone.

DNA samples: /X174 DNA-Hae III digest was
purchased (New England Biolabs, Inc.). This
dsDNA sample was diluted to 10 lg/mL by using
the 1X TE bu�er (10 mM Tris á HCl + 1 mM
EDTA). The oligonucleotide sizing marker was
the product of Pharmacia Biotech. The ssDNA
sample was diluted ten times with deionized water
from stock solution to a concentration of 1.6 lg/
mL. Prior to sample injection, the ssDNA sample
was heated at 90°C for two minutes.

2.2. Capillary electrophoresis

A 6-cm long fused silica capillary (Polymicro
Technologies) with ID/OD� 98 lm/364 lm was
¯ushed with 1 mL of 1 N HCl over a period of
about 10 min. A detection window of 2-mm width
was opened at 4 cm from the cathodic end by strip-
ping the polyimide coating o� with a razor blade.
The running bu�er is 1X TBE and 3 lg/mL et-
hidium bromide. The DNA sample was electroki-
netically injected into the capillary tubing at an
electric ®eld strength of 300 V/cm for 5 s. The run-
time electric ®eld strengths were 200 V/cm for

dsDNA and 150 V/cm for ssDNA. The CE instru-
ment has been described elsewhere [3].

2.3. Laser light scattering

A laboratory-built LLS spectrometer [4] operat-
ing at a wavelength of 514.5 nm with an output
power of about 600 mW was used to perform stat-
ic light scattering (SLS) and dynamic light scatter-
ing (DLS) measurements at a scattering angle of
90° over a range of temperatures from 20°C to
42°C. The intensity correlation function was mea-
sured by using a Brookhaven BI-2030 digital co-
rrelator.

2.4. Small-angle X-ray scattering (SAXS) experi-
ments

SAXS experiments were performed at the X3A2
SUNY Beam Line, National Synchrotron Light
Source (NSLS) at Brookhaven National Labora-
tory (BNL), using a laser-aided pre-aligned
pinhole collimator [5]. The incident beam wave-
length (k) was tuned at 0.154 nm. Fuji imaging
plates were used as the detection system. The sam-
ple-to-detector distance was 1085 mm.

3. Results

3.1. LLS study on the dilute solution property of
F127

The critical micelle concentration (cmc) is de-
®ned as the concentration at which the LLS inten-
sity departs from the baseline intensity contributed
only by unimers. Fig. 1 shows two representative
plots of SLS results for the determination of the
cmc. The cmc value was estimated by the intersec-
tion of the two linear regression lines with
cmc� 0.4 mg/mL at 30°C and 52.0 mg/mL at
20°C. The relative excess scattered intensity Iex

was calculated by (I ) I0)/IBZ, where I, I0, and
IBZ are the scattered intensity of polymer solution,
1X TBE bu�er, and benzene, respectively. The
dashed line in Fig. 1(a) represents the Iex value of
unimers in an ideal solution, where the second vi-
rial coe�cient A2� 0. The cmc values estimated

606 C. Wu et al. / Journal of Non-Crystalline Solids 235±237 (1998) 605±611



from SLS are 6.1, 0.03 and 0.003 mg/mL at 25°C,
35°C and 40°C, respectively.

To calculate the micellar association number,
we use the equation

HCcmc=Rmic;90 � 1=Mw � 2A2Ccmc; �1�
where H(� 4pn2

0(dn/dc)2/NAk4) is an optical con-
stant with n0 being the refractive index of solvent;
dn/dc, the refractive index increment; NA, Avoga-
dro's constant; k, the laser light wavelength (514.5
nm); Rmic;90 � RBZ;90��I ÿ Icmc�=IBZ�� �n2= n2

BZ�� the
Rayleigh ratio of micelle at 90° with Icmc, Ccmc, n,
and nBZ being the scattered intensity at cmc, the
polymer concentration at cmc, the refractive index
of solution and of benzene, respectively; Mw, the
weight-average molecular weight; and A2, the sec-
ond virial coe�cient. From the plot of HCcmc/
Rmic;90 versus Ccmc, the micellar weight-average mo-
lecular weight at di�erent temperatures can be esti-

mated by extrapolating Ccmc to zero. The
association numbers (nw) thus derived are plotted
versus temperature in Fig. 2. The solid line is the lin-
ear regression of the data points between 25°C and
40°C. The dotted line is an extension of the solid line
and is used to indicate that the data point at 20°C de-
viates from the linear relationship.

DLS measures the intensity±intensity time cor-
relation function G�2�(s), with s being the delay
time. A Laplace inversion (we used the CONTIN
method [6] for the data analysis) of G�2�(s) yields
the normalized characteristic linewidth distribu-
tion function G(C). The characteristic linewidth
C can be related to the translational di�usion coef-
®cient D by D�C/q2, with q being the magnitude
of the momentum transfer vector. With the
Stokes±Einstein relation, which applies in the di-
lute solution region, the hydrodynamic radius
has the form

Fig. 1. Plots of relative excess scattered intensity at h� 90° versus concentration of E99P69E99 in 1X TBE bu�er solution at (a) 30°C and

(b) 20°C.
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Rh � kBT=�6pgD� �2�
where kB is the Boltzmann constant and g is the
solvent viscosity at temperature T, we can deter-
mine the apparent hydrodynamic radius, Rh;app,
where we have neglected the intermolecular inter-
actions. Fig. 3 shows the e�ects of concentration
and temperature on the Rh;app values of dilute
E99P69E99 solution in 1X TBE bu�er. At 25°C
and 7 mg/mL, which is slightly higher than the
cmc of 6.1 mg/mL, micelles coexist with unimers.
By increasing the concentration to 15 mg/mL,
the micellar peak dominates; however, the average
Rh;app remains the same. By increasing the temper-
ature to 42°C, the dynamic equilibrium between
unimers and micelles is shifted in favor of micelles.
Therefore, only the micellar peak is observed in
Fig. 3(c). The Rh;app of micelles at 42°C is only
slightly larger than that at 25°C even though nw

has grown by a factor of more than 6, as shown
in Fig. 2.

3.2. SAXS study on F127 gel structure

Fig. 4 shows the SAXS images of 21.2 (wt/
v)% and 28.0 (wt/v)% E99P69E99 in 1X TBE buf-
fer solutions. The corresponding circular integra-
tion pro®les are shown in Fig. 5. The results are
distinct from the usual broad and homogenous
scattering rings obtained from small angle neu-
tron scattering (SANS) [8]. Instead, bright scat-

tering dots which appeared in several
concentric rings can clearly be visualized in the
SAXS images. The integration pro®les in Fig. 5
shows seven well resolved peaks with the ratio
of relative peak positions being 1: (4/3)1=2: (8/
3)1=2: (11/3)1=2: 2: (16/3)1=2: (19/3)1=2. Based on
the Bragg di�raction peaks from SAXS we are
able to determine the E99P69E99 gel structure as

Fig. 3. Plots of intensity contribution function CG(C) versus ap-

parent hydrodynamic radius Rh;app of E99P69E99 solution in 1X

TBE bu�er under three di�erent conditions as indicated in the

®gure. The CONTIN method [6] was used for the data analysis.

Lines are drawn as guides for the eye.

Fig. 2. Plot of the association number (nw) of solution in 1X

TBE bu�er versus temperature.
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a face centered cubic (fcc) latice. The corre-
sponding di�raction planes can also be indexed
as (1 1 1), (2 0 0), (2 2 0), (3 1 1), (2 2 2),
(4 0 0), and (3 1 3). From the lattice structure
and size, we can further calculate the micellar as-
sociation number nw for the E99P69E99 gel. For
the fcc crystal structure, the number density q
can be described as

q � 4=a3 � CNA=�nwMwt�; �3�
where a is the dimension of a unit cell and can be
calculated from the ®rst order peak [8], C (wt/v) is
the polymer solution concentration and Mwt is the

molecular weight of the polymer. From Eq. (3) we
can derive nw as

nw � CNAa3=�4Mwt�: �4�
By assuming that the micellar core consists of only
P blocks and that all P blocks reside in the micellar
core, we can estimate the core radius, Rc, by using
nw and the following relation

�4=3�pR3
c � nwMwt;PPO=�NAqPPO�; �5�

where Mwt;PPO is the molecular weight of the PPO
block, and qPPO is the density of PPO. Here we
have used PPO º P. The calculated nw and Rc

are, respectively, 65 and 4.6 nm for 21.2%
E99P69E99 gel and 66 and 4.6 nm for 28.8%
E99P69E99 gel at 25°C.

3.3. Application of E99P69E99 solution to capillary
electrophoresis

The resolution performances of both ssDNA
and dsDNA separations in CE by using the
E99P69E99 solution in 1X TBE bu�er are demon-
strated in Fig. 6. All eleven dsDNA fragments
were resolved in less than 18 min. The peak assign-
ments are in accordance with the integrated peak
areas. In Fig. 6(b), the 20-base peak was used as
an internal standard to assign the peak positions.

Fig. 4. SAXS images of (a) 21.2 (wt/v)% (cited from Ref. [7],

Fig. 13(b) for comparison with Fig. 4(b)) and (b) 28.0 (wt/

v)% E99P69E99 in 1X TBE bu�er. The corresponding SAXS in-

tensity pro®les are shown in Fig. 5.

Fig. 5. SAXS intensity pro®les of 21.2 (wt/v)% and 28.0 (wt/v)%

E99P69E99 in 1X TBE bu�er at 25°C. The arrows indicate the

peak positions. The numbers represent the ratio of the peak po-

sition relative to the ®rst order peak. The corresponding SAXS

images are shown in Fig. 4.
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4. Discussion

4.1. Dilute solution property of E99P69E99 in TBE
bu�er

In the dilute solution region, the property of
E99P69E99 in TBE bu�er is similar to that in an
aqueous solution. Increasing the temperature to
room temperatures increases the hydrophobicity
of the P block and thus induces the micellar forma-
tion. The nw increases linearly with increasing tem-
perature from 25°C to 42°C. This phenomenon
was commonly found in the dilute solution regime

of Pluronic polyols. There was an exception at
20°C where nw @ 2, which corresponded more
closely to a molecular associate rather than a
core-shell micelle. At 25°C, the smaller nw suggests
that the P blocks form a core which could contain
a substantial amount of bu�er with the core hav-
ing a somewhat porous structure. At 42°C micelles
became more dense both in the core and in the co-
rona to accommodate a substantial increase in nw.
It is also noted that the micellar size distribution
became narrower with increasing temperature as
shown schematically in Fig. 3(a) and (c). Similar
phenomena have been reported in other Pluronic
block copolymer systems [9].

4.2. E99P69E99 gel structure

At larger polymer concentrations the Bragg dif-
fraction peaks shift to a larger q range. From the
results of nw calculation, we visualize, schematical-
ly, that the micelles have the same overall size at
larger polymer concentrations. An increase in the
micelle number density results in a larger degree
of overlap between the micellar coronas of the E
blocks. Thus, a decrease in the inter-micellar dis-
tance is observed by a corresponding shift in the
di�raction peaks to larger qs.

4.3. DNA separation performance

The viscosity adjustable E99P69E99 solution can
be utilized to form a gel-like structure with sieving
ability and can also serve as a dynamic coating
material [10,11], thereby e�ectively suppressing
the electroosmotic ¯ow induced by the ionization
of the silanol group on the quartz capillary inner
wall. When applied to CE as a separation medium,
E99P69E99 block copolymer can provide the advan-
tages of better separation resolution, easy injection
and replacement of the triblock copolymer solu-
tion, and convenient capillary column treatment.

5. Conclusions

At low concentration and low temperature, the
1X TBE bu�er is a good solvent for both P and E
blocks. Micellar formation can be induced by in-

Fig. 6. Electropherograms of (a) /X174 DNA-Hae III digest

and (b) oligonucleotide sizing markers obtained by using 21.2

(wt/v)% E99P69E99 gel at room temperature. Peak assignments

are as indicated in the plots.
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creasing the temperature or the polymer concen-
tration. In the solution region where micelles dom-
inate, micellar Rh;app remains relatively constant
although the association number increases with in-
creasing temperature. At larger polymer concen-
trations, micelles tend to pack into some quasi-
crystalline structures with relatively well structured
P centers. By using the SAXS results, we are able
to conclusively determine the gel structure to have
a fcc lattice. E99P69E99 behaves similarly in water
and in 1X TBE bu�er. In the gel-like region the as-
sociation number and also the micellar size are less
sensitive to concentration changes. Larger concen-
tration results only in closer micellar packing. Fast
and excellent ds and ssDNA electrophoretic sepa-
rations can be achieved by using a 4-cm detection
length capillary ®lled with 21.2% E99P69E99 solu-
tion at 25°C.
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